Abstract: The organometallic complex coenzyme B12 (adenosyl cobalamin, AdoCbl) is not only an essential coenzyme in many biochemical reactions of most if not all living organisms but has lately been shown to play a crucial role in the regulation of B12 related genes. As a consequence, coenzyme B12 has been a target of intense research. However, the investigations of AdoCbl have often been hampered due to its high light-sensitivity leading to decomposition of the compound within a few seconds. Here, we describe a strategy to synthesize more light-stable coenzyme B12 analogs, which show similar steric properties as adenosyl cobalamin. The synthesis, structural characterization as well as the pH dependent 
Introduction
Coenzyme B 12 (AdoCbl) is the structurally most complex of all known vitamins and is essential for most or even all living organisms as a cofactor for numerous enzymatic reactions in the metabolic pathways [1] . Only recently it was discovered, that coenzyme B 12 does not only interact with proteins but can also bind specifically and with high affinity to conserved RNA sequences found in the 5'-untranslated region of mRNA [2] . This high affinity binding between a small molecule and its target RNA sequence, the so-called riboswitch, exhibits an alternative pathway for the regulation of gene-expression [3] [4] [5] [6] . Binding is highly specific and the adenine moiety of adenosyl cobalamin seems to play an important role in recognition of the coenzyme by the RNA. In the case of the two best studied B 12 -responding riboswitches, the so-called btuB-leading sequence of Escherichia coli and Salmonella typhimurium (encoding for a B 12 -transport protein) and the leading-sequence of the cob-operon of S. typhimurium (encoding for different proteins of the B 12 biosynthetic pathway) coenzyme B 12 is the derivative contributing to gene regulation [7] [8] [9] : Binding of B 12 derivatives is rather tight with dissociation constants of around 0.3 µM (AdoCbl), 3 µM (MeCbl) and 30 µM for vitamin B 12 , while aquo-cobalamin has no effect on the gene regulation [7] . However, coenzyme B 12 is known to be highly light-sensitive and to decompose within a few seconds [10] . Due to this fact, coenzyme B 12 is difficult to handle in many biochemical applications and experiments such as the research on the B 12 -responding riboswitches [8] . In the following, we describe our efforts towards the synthesis of more light-stable AdoCbl derivatives while preserving the crucial structural features of this complex.
Recently, a method was described by Mundwiler et al. to derivatize the cyanide ligand of vitB 12 by coordinating a cis-[(NH 3 ) 2 PtCl] + unit to this ligand and subsequently to attach a guanine moiety to the Pt 2+ center [11] . Comparison of the crystal structures of the cis-[(NH 3 ) 2 Pt(9-MeGua)-vitB 12 ] 2+ (9-MeGua = 9-methylguanine) adduct [11] and of 5'-desoxyadenosylcobalamin [12] show close structural similarities. The Co-Pt distance of well to adenosyl cobalamin with respect to the position of the adenine base. Organics, Geel, Belgium, and were used without further purification.
Experimental Section

Starting Materials
Instrumentation
HPLC analyses were performed on a Hitachi Elite LaChrom system equipped with a L-2400 UV detector and a Nucleodur C18 Gravity RP column (5 µm particle size, 110 Å pore were not specifically assigned. 13 
X-ray crystallography
Crystal data for compounds 1 and 2 were collected on a STOE IPDS system using graphite monochromated Mo K α radiation (λ = 0.7107 Å) and a low-temperature device at 183 K. For data reduction and the numerical absorption corrections, the program X-RED 32 (Version 1.01, STOE & Cie GmbH, 2001) was used. The structures were solved by conventional Patterson methods and subsequent Fourier syntheses and refined by full-matrix least squares for F 2 using the SHELX program [17] . The positions of all non-hydrogen atoms were deduced from difference Fourier maps and refined anisotropically with the exceptions described below. In compound 1, most of the partially occupied water molecules were refined isotropically and were either given a common U(eq) value to allow free refinement of the site Inorganica Chimica Acta
occupation factors, or the latter were fixed at appropriate values and the U(eq) values refined.
Part of the acetone molecules, which are all fully occupied, as well as part of the second counter ion were only refined isotropically, as well as O134 of one molecule as it would turn into "non-positive refined". Hydrogen atoms were placed in calculated positions and refined with isotropic displacement parameters, while no hydrogen atoms were added to the acetone, the water molecules, as well as to the ribose O5R. The entire {enPtNCl} moiety in compound 2 is disordered over two positions with occupancy factors of 75% and 25%, respectively.
Atoms N1 CN _A, N12_A, C11_A, and C12_A of the lower occupied {enPtNCl} moiety could only be refined isotropically or they would result in a "non-positive refined" state. One of the amide groups of the corrin ring, consisting of C83, N84, O84, is likewise disorderd over two different positions of 75% and 25% occupancy each. Again, the lower occupied group is kept isotropically. All partially occupied water molecules were refined isotropically with a common U(eq) value and the site occupation factors was left to refine freely. The counter ions is spread over two positions, again with occupancies of 75% and 25%, respectively, and was refined isotropically. One acetone molecule (60%, anisotropic refinement) shares its position with two water molecules (10%, and 40%), the other acetone (50%, isotropic refinement) is best described as sharing space with three water molecules (25% each). Hydrogen atoms were included in calculated positions and refined with isotropic displacement parameters. No hydrogen atoms were added to the 25% occupied {enPtNCl} moiety, the 25% occupied amide group, as well as to the acetone and water molecules. Crystallographic data and details of refinement are reported in Table 1 .
Results and Discussion
Characterization of [enPtCl-vitB 12 ]CF 3 CO 2 · 15.8 H 2 O · 1.1 (CH 3 ) 2 CO (2):
Complex 2 was prepared in analogy to the preparation of 1 (see also Scheme 1) [11] . The reaction of enPtCl 2 with one equivalent of silver nitrate led to the aqua species [19] showing only small deviations between 0.02 and 0.62 ppm. The largest deviations are observed at C7, C8 and C72 of the corrin ring, at C4B, C8B
and C9B of the 5,6-dimethylbenzimidazole, as well as at C2R of the sugar-and C175 of the aminopropanol moieties (Fig. 3a) . Changes in chemical shift at the DMB ligand imply that the Pt 2+ coordination influences the coordination properties of the cobalt center across the octahedron in the axial position. Chemical shifts assigned to ring B, i.e. of C7, C8, and C71, are probably influenced due to the positioning of the en-ligand above, which might be fixed also in solution by a hydrogen bond of one ammine proton at N12 to O73 located at ring B, as The crystal structure of compound 1 has been solved previously, but lacked one of the two CF 3 CO 2 -anions most likely due to disorder [11] . We now obtained crystals of both, 1 and 2, by vapor diffusion of acetone into an aqueous solution of the compounds and were able to improve the structure of compound 1 in such a way, that both anions plus additional acetone and water molecules could be refined. Tables 1 and 2 as well as Fig. 3b ).
Overall, the two complexes 1 and 2 are very similar and the coordination geometries of the cobalt centers are virtually identical. The lengths of the axial bonds to the cyanide and the benzimidazole ligands in 1 and 2 also correspond quite well ( [21] ) as it is also true for the Co-N3B bond (2.011(10) Å in vitB 12 [21] ).
The platinum(II) centers show an almost perfect square planar geometry. Interestingly, the smallest Pt-N distance is in all cases the one to the cyanide ligand, although this is the bond most easiest broken, as the occasional occurrence of free vitB 12 in the HPLC experiments
shows (see also Section 3.4). In addition, it should be mentioned that both, the cis- (Fig. 4a ).
"Base-on/base-off" behavior of 1 and 2:
The "base-on/base-off" behavior of coenzyme B 12 , i.e. the intramolecular equilibrium of the coordination or release of the DMB moiety from the axial position at the cobalt center is of great biological importance. Coenzyme B 12 exists predominately in the "base-on" form with the dimethylbenzimidazole moiety coordinated via N3 to the cobalt atom. However, recent crystallographic studies have shown that coenzyme B 12 and its analogs can switch under certain conditions from the "base-on" to a "base-off/His-on" form when binding to their receptor protein by replacing the DMB ligand with the imidazole unit of a proteinogenic histidine residue [22] [23] [24] .
In the absence of protein, the state of the intramolecular "base-on/base-off" equilibrium is dependent on the pH value of the solution. Upon acidification, protonation of the N3 position of the DMB ligands occurs causing the predominance of the "base-off" form at acidic pH [25] . This conformational change can be followed either by circular dichroism (CD) or by UV/Vis spectroscopy due to a change of the absorbance maxima from around 520 nm in the "base-on" form to around 460 in the "base-off" form [26] [27] [28] [29] . AdoCbl has a pK base-off = 3.67 [30] which is much more basic compared to vitamin B 12 , which has a pK base-off = 0.1 [31] .
This difference may be explained by the much stronger electron donating effect of the ribose coordination compared to the anionic cyanide ligand. It is obvious, that the ease with which the DMB ligand is replaced by another coordinating moiety plays an important role in terms of binding capacity to proteins and other biomolecular complexes.
We investigated the "base-on/base-off" behavior of 1 and 2 by titrating a 50 µM solutions of each vitamin B 12 derivative with HNO 3 in the pH range from 10 to -0.3 (Fig. 5) . Nearly no changes in the UV/Vis spectra were found between pH 10 and 2 and a clear dominance of the Inorganica Chimica Acta S. Gallo, E. Freisinger, R. K. O. Sigel 12/23 "base-on" form was found down to pH 1 in both cases. The spectrum of 2 still shows an excess of the "base-on" form at pH 0.5. As can be seen in Fig. 5 , at pH 0, the characteristic "base-on" bands around 514 and 550 nm get broader and consequently lower in absorption. At pH values around -0.3 increasing amounts of the "base-off" form are present as can be seen from the emerging new maximum at around 500 nm. Compound 1 already starts to change to the "base-off" form at pH 0.2. Therefore, the pK base-off of the two B 12 derivatives 1 and 2 are comparable to the one of vitamin B 12 . This is not surprising as the coordination of the platinum(II) center to the cyanide ligand will not increase the electron density on the cobalt center but instead rather diminish it.
Characterization of cis-[(NH 3 ) 2 Pt(9-MeAde)-vitB 12 ] 2+ (3):
In order to synthesize coenzyme B 12 analogs, we added 9-methyladenine (9-MeAde) to It is well known that cis-and trans-platinum(II) centers can coordinate to all unsubstituted positions of nucleobase moieties with the N7 positions of purines and the N1 position of adenine being the predominant binding sites at neutral pH [32] [33] [34] [35] [36] [37] [38] [39] [40] . Indeed, it has recently been shown that 1 can coordinate to 9-methylguanine or 2'-deoxyguanosine through the N7 position under replacement of the second chloride-ligand [11] . In case of coordination to adenine derivatives the situation is a little more complicated as N1 and N7 compete for Inorganica Chimica Acta S. Gallo, E. Freisinger, R. K. O. Sigel 13/23 binding [40] . Usually, N1 coordination can be suppressed to a large part by acidifying the reaction solution to a pH below 3 thereby blocking this site by protonation [41, 42] . However, compounds 1 and 2 proved to be sensitive to acidic conditions as, e.g. storage overnight at 4 °C in 0.1% trifluoro acetic acid let to breakage of the cyanide-Pt bond in both complexes.
Partial decomposition of the two complexes was also observed when 1 and 2 were treated with one equivalent of AgNO 3 to replace the chloro ligand with a water molecule in order to activate the Pt 2+ center for coordination to the adenine moiety. Therefore, we reacted complex for H2 and 8.57 ppm for H8) [42] and further downfield to free 9-MeAde (8.15 ppm for H2 and 8.00 ppm for H8) [42] . The strong downfield shift confirms the Cisplatin bridged species
3.
The same is true for the resonance of the C9-H 3 methyl group (see also Experimental Section). All signals assigned to the 9-methyladenine ligand of 3 are split in about a 1:1 ratio (Fig. 2b) indicating that not one but two species are present. One possibility could be that there is a hindered rotation around the Co-CN-Pt axis thus "fixing" the adenine ligand in two different positions and giving two conformational isomers. However, this seems unlikely because the 9-MeAde lies about 5 Å above the corrin plane, i.e. a distance which is by far Inorganica Chimica Acta S. Gallo, E. Freisinger, R. K. O. Sigel 14/23 larger than stacking distances of typically around 3.3 -3.4 Å. In addition, in case of the 9-ethylguanine adduct also no splitting of the aromatic H8 signal was observed [11] . A much more likely explanation -and the one we favor -is the presence of the N1 and N7 coordinated isomers, whose formation one would actually expect based on the reaction conditions in the absence of acid. Comparison with the chemical shifts of free 9-MeAde and its Cisplatin complex mentioned above, implies that the two aromatic signals more downfield at about 8.47 ppm belong to H8 and H2 of the N7 and N1 platinated species, respectively, as Pt 2+ induces a strong downfield shift due to its electron pulling properties. Consequently, the signals at around 8.32 ppm belong to H2 of the N7-platinated and H8 of the N1-platinated species 3. Unfortunately, a separation of such two isomeric forms was not successful so far due to their very similar properties. Nevertheless, we detected no decomposition of the cis-
2+ (3) complex in the NMR tube over several days. Considering that after the initial isolation of 3, this complex was always handled under normal daylight conditions, this fact demonstrates the great potential of such more light stable cobalamin derivatives.
Summary and conclusion
Here we have presented a synthetic pathway towards the synthesis of light stable derivatives of adenosyl cobalamin with an adenine moiety covalently attached above the corrin plane. influence on this equilibrium, which is also expected to be the case with compound 3.
The 9-methyladenine adduct 3 could only be synthesized as a presumable mixture of two Inorganica Chimica Acta S. Gallo, E. Freisinger, R. K. O. Sigel 15/23 isomeric forms, i.e. the N1 and N7 coordinated complexes. Nevertheless, to the best of our knowledge, this is the first time that such a light-stable adenosyl cobalamin derivative has been synthesized where the adenine base is not only directly linked to the cobalt-corrin system but should also have the same distance above the corrin plane as in AdoCbl. It should be noted however, that in AdoCbl, the adenine base is flipped, i.e. the N7 is in the position of the N9 position and vice versa, as N9 is bound to the ribose C1' atom (Fig. 4b) . This means that together with the relative rigidity of 3, a different hydrogen bonding pattern of this model compound is expected. Nevertheless, this differenc might not be crucial because the predominant interaction of the adenosine ligand when binding to a protein or a RNA riboswitch might very well be purelly based on stacking interactions with aromatic amino acid side chains or nucleobases, as the adenine base is known to have excellent stacking properties [43] [44] [45] [46] . The correct distance of about 5 Å between the 9-methyladenine and the corrin ring in 3 ensures that stacking interactions with the host molecule would still be possible (Fig. 4b ).
To summarize, compound 3 represents a model system for AdoCol to (i) investigate the replacement of the benzimidazole moiety by a host molecule side chain, and (ii) to characterize the importance of the stacking interaction of the adenine base with the host molecule. 
